During laser therapy of port wine stain (PWS) birthmarks, regions of persistent perfusion may exist. We hypothesize that such regions, which are not readily visible, exist even during laser surgery performed by highly experienced clinicians. The objective of this study was to use objective feedback to assess the acute vascular response to laser therapy. We have developed a clinic-friendly laser speckle imaging (LSI) instrument to provide the clinician with real-time images of blood flow during laser therapy. We acquired images from patients undergoing laser therapy of PWS birthmarks at Scripps Clinic and Beckman Laser Institute and Medical Clinic. We extracted blood flow maps from the acquired imaging data. Collectively, we have observed two regimes of patient response to therapy: 1) an immediate increase in perfusion within minutes after laser therapy; and 2) an overall decrease in blood perfusion approximately one hour after laser therapy, with distinct regions of persistent perfusion apparent in the majority of post-treatment blood-flow images. A comparison of blood flow in PWS and adjacent normal skin demonstrated that PWS blood flow can be greater than or sometimes equivalent to that of normal skin. Regions of persistent perfusion frequently exist immediately after laser therapy of PWS birthmarks. Existence of these regions may be correlated to the need for multiple treatment sessions to improve substantially PWS skin appearance. With the use of intraoperative LSI, immediate retreatment of these regions may improve the outcome of each session.
INTRODUCTION
Port wine stain (PWS) birthmarks are vascular malformations consisting of ectatic blood vessels in the papillary and upper reticular dermis [1] . Pulsed dye laser (PDL) therapy is the standard approach to treat these birthmarks. Unfortunately, complete disappearance of the PWS infrequently occurs, with a success rate of ~10% [2, 3] . Previous studies have presented results suggesting that specific PWS skin characteristics are associated with treatment outcome, yet the outcome largely remains unpredictable on an individual patient basis [4] .
The intended goal of laser therapy is acute photocoagulation of the PWS microvasculature. A common metric used clinically to indicate photocoagulation is purpura formation. However, studies [5] presented that this bluish grey discoloration seen after pulsed laser irradiation is not necessarily caused by haemorrhage from ruptured vessels due to vapor pressure. Moreover, due to the persistence of the poor success rate in complete PWS removal, a reasonable conclusion is that purpura formation itself has limited prognostic value. Thus, there is a critical need for an alternate method to assess the degree of photocoagulation achieved during therapy.
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We have u Edmund In (Fig. 1) . Ra (Retiga200 transferred software (V processing of 4 cm × 3 The objective of this study is to assess the changes in blood perfusion due to laser therapy. Speckle image data were collected from 20 subjects, both before and approximately 40 minutes after laser therapy. Various lasers were used to treat these subjects, including the modified V-beam (575 nm, Candela Laser Corporation), V-beam (Perfecta, 595 nm, Candela Laser Corporation), C-beam (585 nm, Candela Laser Corporation), Cynergy (595nm and 1064nm, Cynosure, Inc.) and alexandrite (755 nm, Candela Laser Corporation). For all treatments, laser therapy was performed in conjunction with cryogen spray cooling (CSC). After treatment, the patients undergoing general anesthesia were allowed to recover, after which a second set of speckle images were collected.
LSI for Monitoring Dynamic Blood Perfusion
To study blood perfusion dynamics immediately after laser therapy, speckle images were collected from two subjects before laser therapy and at intervals of 5 min, for 30 min after laser therapy.
Data Analysis
To quantify changes in blood perfusion after laser therapy, the mean speckle flow index (SFI) value of the treated area was calculated. Percentage mean changes were calculated via Eq. (1):
To quantify the heterogeneity in the resultant blood perfusion pattern after treatment, histogram-based analysis was performed on post-treatment images. We arbitrarily selected post-treatment data in which at least a 20% reduction in perfusion was observed, to focus attention on data sets in which a clear reduction in mean perfusion was observed. The interquartile range (IQR) was applied to estimate the spread of the SFI values within the treated area in each SFI image. The IQR is the distance between the 75th percentile and the 25th percentile. Therefore, the IQR is minimally affected by outliers or extreme values. We then calculated the degree of heterogeneity (DOH) as:
To facilitate analysis, the DOH results were separated into four groups, 0.1-0.3 (i.e., low DOH), 0.3-0.5 (moderate), 0.5-0.7 (high), and 0.7-0.9 (very high).
RESULTS

Summary of Mean Perfusion Reduction Assessment
Collectively, we have observed a mean perfusion reduction of at least 20% in 71% (54/76) of the treatment sessions. We present one representative case of perfusion reduction with Moderate level (Fig. 2) . ,.
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DISCUSSION
In this study, we have demonstrated that LSI instrument can quantify changes and levels of DOH in blood perfusion after laser therapy. We observed variations of DOH levels for the treated areas which may indicate incomplete photocoagulation of the surgery. The variations in treatment outcome are associated with individual PWS skin characteristics. The literatures [14] [15] [16] showed that the treatment efficacy may have significant variation in vessel size, diameter, and depth within a single birthmark and even greater variation between birthmarks on various individuals. The purpuric reaction, which associated with inflammation, edema, and hypoxia in the upper layers of the skin, is the current standard assessment of the threshold dose to the therapy and may indicate the efficacy of the photocoagulation of the subsurface targeted blood vessels [17, 18] . However, the formation of purpura related with photocoagulated vessels is still not fully understood. Our results showed that high frequency (64%) of persistent perfusion can still be observed even though the purpura was induced by the PDL. Use of clinic LSI instrument can monitor the blood perfusion in real time and is capable of determining the threshold dose of laser energy.
Immediately after laser therapy, we typically observe an increase in perfusion, which was an unexpected finding. In this case, the laser irradiation was absorbed by the adjacent cellular structure. Insufficient spatial confinement of heat produced by the laser may result in unwanted temperature raise [19] . The temperature jump can lead to vessels dilate and increase the blood flow in the vessels. On the other hands, the laser irradiation can cause thermal coagulation necrosis of dermal collagen, blood vessels and other coetaneous structures. The failure coagulation of PWS vessels may cause inadequate coetaneous injury with the increase of skin temperature [19, 20] . The results from monitoring dynamic blood perfusion may show that the treatment did not lead to the complete absence of flow (photothermal coagulation) immediately after treatment.
CONCLUSION
The results statistically demonstrated that the decreased perfusion was frequently observed. However, the treated area showed high frequency of heterogeneous perfusion. These regions of persistent perfusion may be the results of regions incompletely photocoagulated during treatment.
The results from dynamic blood perfusion demonstrated that there was an increase blood flow immediately after laser therapy and followed by a decrease 30 minutes later. The results suggested the time course of the dynamics of increased perfusion after surgery and provided the possible time point for physician to retreat the PWS based on LSI images. The LSI instrument has the potential of surgical image-guided instrument which physicians can assess the procedure and consider to retreat the regions of persistent perfusion.
